Fundamental techniques of weight estimating and forecasting for advanced manned spacecraft and space stations by Heineman, W., Jr.
NASA TECHNICAL NOTE NASA TN 0-6349 
o* 
4 
L/) 
4 z 
C 
FUNDAMENTAL TECHNIQUES OF WEIGHT 
ESTIMATING AND FORECASTING FOR 
ADVANCED MANNED SPACECRAFT 
AND SPACE STATIONS 
by Willie Heinemun, Jr. 
Munned Spucecnzfi Cetiter 
Houstou? Texm 77058 
N A T I O N A L  A E R O N A U T I C S  A N D  SPACE A D M I N I S T R A T I O N  W A S H I N G T O N ,  D. C. MAY 1971 
https://ntrs.nasa.gov/search.jsp?R=19710015949 2020-03-23T17:20:32+00:00Z
I .  Report No. 2. Gwernment Accession No 
NASA TN D-6349 
8. Title and Subtitle 
FUNDAMENTAL TECHNIQUES OF WEIGHT 
ESTIMATING AND FORECASTING FOR ADVANCED 
MANNED SPACECRAFT AND SPACE STATIONS 
~~~~ 
17. Key Words (Suggested by Author($)) 
* Weight-Estimating Techniques (Technology) 
' Weight- Forecasting Techniques (Technology) 
* Space-Station Design 'Weight Technology 
' Spacecraft Design *Weight Engineering 
' Conceptual Design 
~~ ~ 
7. Author(s) 
Millie Heineman, Jr., MSC 
9. Performing Organization Name and Address 
Manned Spacecraft Center 
3ouston, Texas 77058 
18. Distribution Statement 
Unclassified-Unlimited 
~~ 
2. Sponsoring Agency Name and Address 
Yational Aeronautics and Space Administration 
Nashington, D.C. 20546 
5. Supplementary Notes 
19. Security Classif. (of this report) 20. Security Classif. (of this page) 21. No. of Pages 
None None 53 
3. Recipient's Catalog No. 
22. Price * 
$3.00 
5. Rewrt  Date 
May 1971 
6. Performing Organization Code 
8. Performing Organization Report No. 
MSC S-256 
10. Work Unit No. 
975- 11-89-00-72 
11. Contract or Grant No 
13. Type of Report and Period Covered 
Technical Note 
14. Sponsoring Agency Code 
6. Abstract 
4 readily applicable fundamental tool for weight estimating and forecasting is presented for use 
iy managers, planners, and engineers during the concept-definition phase of a manned-spacecraft 
)r space-station program. 
For sale by the National Technical Information Service, Springfield, Virginia 22151 
FIGURES 
Figure Page 
1 Weight efficiency of various aerospace vehicles . . . . . . . . . . . . .  5 
2 Relationship between average density and design-envelope volume for  I 
ae ros  pace ve hic le s . . . . . . . . . . . . . . . . . . . . . . . . . . .  7 I 
3 Spacecraft design-envelope and geometric data . . . . . . . . . . . . .  8 
4 Spacecraft density-growth history . . . . . . . . . . . . . . . . . . . .  9 
5 Spacecraft weight-growth history . . . . . . . . . . . . . . . . . . . .  10 
6 Weight-estimating technique . . . . . . . . . . . . . . . . . . . . . . .  11 
7 Weight-forecasting technique . . . . . . . . . . . . . . . . . . . . . . .  13 
8 Typical history of spacecraft weight and launch-vehicle 
performance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  14 
9 Manned-spacecraft and space-station weight estimates based on weight, 
volume, and shape factors . . . . . . . . . . . . . . . . . . . . . . .  16 
10 Weight-growth-forecast curves for first-generation vehicles . . . . .  18 
11 Body-structure weight and sizing analysis for  a conceptual design of a 
small  space station . . . . . . . . . . . . . . . . . . . . . . . . . . .  20 
12 Body-structure weight estimates based on surface area and gross  
weight . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  22 
13  Generalized density relationships . . . . . . . . . . . . . . . . . . . .  25 
14 Generalized body-structure areal-density relationships . . . . . . . . .  26 
15 Generalized induced-environment -protection (thermal protection) 
density relationships . . . . . . . . . . . . . . . . . . . . . . . . . .  27 
16 Weight-growth-forecast curves  for first-generation vehicles . . . . . .  32 
A-1 Spacecraft Summary Weight Statement for  Mercury spacecraft 
(a) International System of Units (SI Units) . . . . . . . . . . . . . . .  37 
(b) Customary U. S. Units . . . . . . . . . . . . . . . . . . . . . . . .  38 
iv 
I Figure Page 
A-2 Spacecraft Summary Weight Statement for Gemini spacecraft 
(a) International System of Units (SI Units)  . . . . . . . . . . . . . . . 39 
(b) Customary U.S. Units . . . . . . . . . . . . . . . . . . . . . . . . 40 
Spacecraft Summary Weight Statement for Apollo spacecraft 106 A-3 
(a) International System of Units (SI Units)  . . . . . . . . . . . . . . . 41 
(b) Customary U.S. Units . . . . . . . . . . . . . . . . . . . . . . . . 42 
i A-4 Spacecraft Summary Weight Statement for Apollo lunar module 
(a) International System of Units (SI Units)  . . . . . . . . . . . . . . . 43 
(b) Customary U.S. Units . . . . . . . . . . . . . . . . . . . . . . . . 44 
A-5 Spacecraft Summary Weight Statement for Apollo spacecraft and 
Saturn V booster 
(a) International System of Units (SI Units)  . . . . . . . . . . . . . . . 45 
(b) Customary U.S. Units . . . . . . . . . . . . . . . . . . . . . . . . 46 
A-6 Spacecraft Summary Weight Statement for various aircraft 
(a) International System of Units (SI Units)  . . . . . . . . . . . . i . . 47 
(b) Customary U.S. Units . . . . . . . . . . . . . . . . . . . . . . . . 48 
V 
FUNDAMENTAL TECHNIQUES OF WEIGHT ESTIMATING 
AND FORECASTING FOR ADVANCED MANNED SPACECRAR 
A N D  SPACE STATIONS 
By W i l l i e  Heineman, J r .  
M a n n e d  Spacecraft C e n t e r  
SUMMARY 
The development of weight-engineering technology for manned spacecraft began 
with the advent of Project Mercury. During Project Mercury, weight trends began to  
assume many of the patterns previously observed for aircraft  and unmanned spacecraft. 
The Gemini and Apollo Programs continued t o  add s imilar  weight-trend patterns to the 
growing data bank. In the preparation of t h i s  report, the weight data accumulated dur- 
ing the three space programs were used extensively to  develop the fundamental rela- 
tionships and techniques of weight estimating and forecasting. However, future 
developments were also taken into account by allowing for increasing spacecraft s ize  
and advancing technology so  that the fundamental weight-estimating and weight- 
forecasting techniques can be immediately applied to the basic requirements of ad- 
vanced manned-spacecraft and space-station design. 
In this report, the relationship between manned-spacecraft size and weight is 
shown to be a pr imary parameter for engineering estimates. After a weight estimate 
is made, a compatible weight-growth forecast is made. This forecast depends on the 
primary parameter of program maturity, which is a function of and is obtained from a 
combination of time-oriented parameters and from the historically reported weight 
status of previous programs. 
craft including space stations, increases perspective, especially during the early 
concept-definition phase of a program, and provides answers to the design questions 
of weight and size.  This technique has been used for  several  years at the NASA 
Manned Spacecraft Center and has resulted in  reasonably acceptable estimates and 
forecasts.  
This technique, which is applicable to all manned space- 
In this complex age when electronic computers a r e  becoming an increasingly 
necessary par t  of aerospace-vehicle design and when packaging techniques a r e  rapidly 
advancing, it is particularly important to retard unwarranted weight growth. Weight 
engineers and, more important, program managers and planners must be made more 
aware of the fundamentals of weight technology. This report, although broad in nature, 
proposes and attempts to demonstrate that the greatest advances in weight technology 
can be obtained through fundamental observations of past  data and through the applica- 
tion of these observations to future projects. 
I NTRO DUCT I ON 
Research is being carr ied out throughout Government and industry to find a rea- 
sonably reliable method of weight estimating and forecasting in the design for all types 
of advanced aerospace vehicles. The fundamental relationships of manned-spacecraft 
weight estimating and forecasting are presented in this report. More significant, how- 
ever,  is the presentation of the observations and positions of managers and planners of 
advanced-design projects at the NASA Manned Spacecraft Center. These managers and 
planners now think the potential benefits of accurate weight estimating and forecasting 
are important enough that ser ious consideration should be given to the development of 
more  exacting techniques. 
So far, research has been limited to  the fundamentals of weight estimating and 
forecasting s o  that a more logical and inclusive methodology can be developed and ulti- 
mately established. A gradual increase in the use of electronic computers to meet 
particular needs is occurring. The degree of electronic-computer usage depends on 
the amount of detailed data available and on the integration required. Although some 
useful applications for electronic-computer usage in weight estimating and forecasting 
have been found, a tendency prevails for the computer user  to become lost in the detail 
of input and print-out. Nonstandard data-reporting techniques and redirected design 
impacts compound this condition. 
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SYMBOLS 
T surface area of the total design-envelope volume V 
unpressurized surface area 
pressurized diameter 
T shape factor V 
height 
number of crewmen 
dynamic pressure 
total design-envelope volume 
body- structure weight 
pressurized body-structure weight 
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B, u W 
wG 
G, p 
G, u 
W 
W 
wP 
wPL 
wTO 
wTP 
CY 
unpressurized body-structure weight 
gross weight 
pressurized gross  weight 
unpressurized gross  weight 
propellant weight 
payload weight 
maximum take-off weight 
thermal-protection weight 
angle of attack 
A s  an aid to the reader,  where necessary the original units of measure have 
been converted to the equivalent value in the Systgme International d'Unit6s (SI). The 
SI units a r e  written first, and the original units a r e  written parenthetically thereafter. 
Principal measurements and calculations in this report a r e  based on the original units. 
DEFINITIONS 
Body-structure weight: The weight of the basic and secondary load-carrying members,  
exclusive of the nonstructural panels used for induced environment-protection systems 
(refs.  1 and 2) 
Design-envelope surface area: The surface area of the aerospace-vehicle envelope, 
usually defined by the body-structure outer mold line or the induced environment- 
protection outer mold line 
Design-envelope volume: The volume within the aerospace-vehicle envelope, usually 
defined by the body-structure outer mold line 
Design freeze: The point in time o r  maturity during a design phase when aerospace- 
vehicle hardware becomes committed to the basic operational configuration 
Design-limit weights: The nominal weight and the maximum weight to be expected at  
a particular spacecraft operational condition; should be used to determine analytically 
o r  experimentally all weight-dependent performance 
Dry weight: The sum of the weights of the f i rs t  16 first-generation codes (shown in 
figs. A - 1  to A-6) of references 1 and 2 
3 
Gross weight: The sum of the weights of all 27 first-generation codes (figs. A-1  to 
A-6) of references 1 and 2 for  missi les  and space vehicles, o r  the maximum gross  
weight listed on page 4 of reference 3 for aircraft  
Inert weight: The sum of the weights of the f i r s t  21 first-generation codes (figs. A-1  
to A-6) of references 1 and 2 
Shape factor (also called volumetric efficiency) : The nondimensional geometric char- 
acteristic of an aerospace vehicle o r  object defined by V T 2/3/AT, where VT is 
the total design-envelope volume and A T is the total design-envelope surface area 
Size: The dimensional geometric characterist ics of an aerospace vehicle o r  object, 
usually defined by design-envelope volume o r  design-envelope surface area (or  both) 
Total-structure weight: The sum of the weights for codes 1 . 0 ,  2 . 0 ,  4.0,  and 6. 3 
(figs. A-1 to A-6) and for air-breathing engine nacelles and pylons in references 1 
and 2 for missi les  and space vehicles; o r  the sum of the group weights on page 2 of 
reference 3 for  aircraft  
Weight estimate: The formulated status of a weight before it changes progressively 
to the status of a calculated o r  an actual weight 
Weight forecast: The predicted projection of a weight from the current status of the 
design 
Weight growth: The phenomenon of the generally unexplained difference between the 
original weight estimate and the final o r  actual hardware values (refs. 1 and 2) 
Weight margin: The margin existing between the design-limit weight and the current 
weight at any point in a program 
Weight prediction: A predicted value which can be used in conjunction with the weight 
estimate or the weight forecast (or both) 
FUNDAMENTALS 
The gross  or  total weight of any aerospace vehicle has little meaning as a single 
value. This gross  weight WG must be related to a performance parameter  through 
propellant weight Wp and payload weight WpL so that, for a given vehicle gross  
weight, an efficiency factor (W + W )/WG can be determined. This type of weight 
efficiency is shown in figure 1 for  various types of aerospace vehicles. To date, 
manned spacecraft and manned aircraft  represent the lowest weight-efficiency values, 
and launch vehicles represent the highest values. In other words, propellant and 
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Figure 1. - Weight efficiency of various aerospace vehicles. 
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payload weights represent a smaller fraction of gross  weight in manned spacecraft and 
manned aircraft than in launch vehicles. 
pellant and payload volumes to gross  volume. 
The same is true of the relationship of pro- 
The density approach to weight estimating and forecasting is used throughout this 
report  and is shown in figure 2. At this point, the design parameter of volume is intro- 
duced; thus, the gross  weight and the structural  weight can be expressed in t e rms  of 
average density. Several groups of data are identified by type and category of vehicle. 
Note that body-structure weights of manned spacecraft, fighter-attack aircraft ,  and 
bomber and transport aircraft  tend to fall within a single band, although a wide range 
of envelope volumes is covered. Also, the lower shaded band in figure 2 corresponds 
closely to the body-structure weights of dense unmanned aerospace vehicles. This 
lower shaded band is also consistent with study data of advanced manned spacecraft 
and space stations. Therefore, it seems reasonable that the lower shaded band could 
be used for weight estimates of manned spacecraft and space stations. 
The upper shaded band in figure 2 represents the gross  weights of manned space- 
craft and space stations. This band results from the data for existing manned space- 
craft and from many studies of advanced manned spacecraft and space stations. 
However, most gross-weight-density data of existing vehicles fall above the shaded 
band. 
tion of gross weight than m,anned spacecraft and space stations, which consist primar- 
ily of dry weight. Therefore, the upper shaded band seems reasonable for weight 
estimates of manned spacecraft and space stations. 
This occurs primarily because the higher bands have a larger  propellant frac- 
The fundamental density approach shown in figure 2 provides the principal basis 
for the estimating and forecasting techniques for manned spacecraft and space stations. 
It is theoretically possible to predict the weight, density, volume, and shape of a space- 
craft from purely theoretical considerations in advance of construction. However, such 
a calculated prediction would be based on many interrelated assumptions, which may or 
may not be true,  and the calculations would be too complex for practical resolution. 
In this report, the approach to the relationships between weight, density, volume, and 
shape is based upon empirical data derived from many aerospace vehicles constructed 
and flown in the past. The approach is discussed in two phases, estimating and fore- 
casting, where the forecast is the predicted projection of a weight from the current 
status o r  an upgrading of any estimate. 
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TECHNIQUES 
T h e  Es t ima te  
Two-stage 
;aturn P - A ~ ~ I I ~  
spacecraft 
In advanc d design, two general approaches to s ize  and weight estima-ing are 
used. Either a certain size of a manned spacecraft is desired,  and weight is the un- 
known; or a certain weight is desired, and s ize  is the unknown. 
establish the requirements for an integrated size-estimating and weight-estimating 
technique. 
These conditions 
Saturn ' 
percen' 
cond i t i x i -  
Size. - Size is the parameter that has remained essentially unchanged throughout 
the design evolution of all manned spacecraft. Although some early-concept s izes  did 
change, the design-freeze s izes  did not change by any significant amount during the 
programs. Size is defined by design-envelope volume V The design-envelope 
volume generally used is the allowable payload volume of the launch vehicle. 
volume is  determined principally by the launch characterist ics of the launch vehicle, 
such as maximum qa and bending moments. Examples of launch-envelope geometric 
data a r e  shown in figure 3. 
-
T' 
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Design-envelope surface area,in2 
Design-envelope surface area, ft2 
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Design-envelope volume, m 
Design-envelope-volume, ft 
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Two-stage 
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id  Percent wi i id I condit ion 
1021.39 1287.00 1906.85 
67 340 36 070 45 450 
724.64 846.35 917.88 
7800 1 9110 1 9880 
Figure 3. - Spacecraft design-envelope and geometric data. 
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Throughout the description of the weight-estimating technique, it is important to 
remember that a manned spacecraft should not necessarily be sized to the allowable 
8 
payload volume of the launch vehicle. To do this would presume that spacecraft den- 
sity is not a significant design criterion; as a result, either undersizing or oversizing 
of the spacecraft becomes a distinct possibility. 
- 
2B. Gemini spacecraft 
3 .  Apollo command module - 
4 .  Apollo lunar module ascent stage 
. . . 5 .  Apollo spacecraft 
- - 
Curve C Gross- 
weight 
- 
' * * :A- - Curve B 
. Curve A band I 
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I 1 1 
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Weight. - Density variations of some manned spacecraft a r e  plotted against volume 
in figure 4. Mercury, Gemini, and Apollo data are  relied upon heavily in this plot to 
establish trend curves A, B, and C. However, other manned-spacecraft studies and 
large-aircraft-body data a r e  used to determine the slope of curves A, B, and C. 
Curve A is defined as the apparent minimum density or  target density of the vehicle; 
curve B is the nominal density; and curve C is the maximum density. For example, 
the weight history of the Mercury spacecraft began at curve A, with the spacecraft 
undergoing weight growth to a point slightly above curve B. The weight history of the 
Gemini spacecraft began at curve A, with the spacecraft undergoing weight growth to a 
point slightly below curve B. The weight history of the Apollo command module began 
at curve A, with the spacecraft undergoing weight growth to a point slightly above 
curve C. The variation of these respective weight histories with percent of program 
completion is illustrated in figure 5. 
30 
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Figure 4. - Spacecraft density-growth history. 
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Figure 5. - Spacecraft weight-growth history. 
Size and weight. - Information that has been developed from figure 4 to provide 
f i rs t  estimates for  manned spacecraft is shown in figure 6. 
lines cross  the estimating band for  various design densities and volumes. Therefore, 
for any given size, a density and a gross  weight are obtained from the selected esti- 
mating curve. This generalized estimating technique has the principal advantage of 
enabling evaluation of the estimate relative to the Mercury, Gemini, and Apollo space- 
craft from concept to  hardware. 
either below curve A o r  above curve C of figures 4 and 6 a r e  subject to additional 
investigation. 
Constant gross-weight 
Therefore, the various weight estimates that fall 
10 
1000 
10 
5 Design-envelope volume, ft 
10 000 100 000 1000 
I I I 
I 
10 1 0 0 0  
3 Design- envelope volume, m 
Figure 6. - Weight-estimating technique. 
Crew. - The pressurized spacecraft volume per  man poses an estimating problem 
for which no reasonable solution appears to exist, because research data on the volume 
question vary considerably. An attempt has been made with this technique to use the 
data that more nearly reflect the minimum volumetric requirements per  man, in order  
to preclude some of the undesirable effects of spacecraft oversizing. To assist in the 
estimate, a scale of total spacecraft volume per crewmember VT/NC, based on data- 
point information, is shown in figure 6. 
Propellant. - The amount of propellant carried in manned spacecraft can vary 
considerably and is chiefly mission dependent. Therefore, this large variation is ac- 
count ed for in t he estimating t e chnique by the propellant - to- gross- weight relationship 
for significant data-point information. However, to  date, it can be stated only that the 
estimating band of figure 6 is based on vehicles that have propellant-to-gross-weight 
ratios as great as 0.5. This value typically is represented by the Apollo lunar module 
ascent stage. To assis t  in the estimate, a scale of propellant-to-gross-weight ratio, 
propellant weight over gross  weight (less induced environment protection), based on 
data-point information, is shown in figure 6. 
The important point to be made here is that, unless a conceptual design has a 
propellant-to-gross-weight ratio greater  than 0. 5, design densities above curve C 
(fig. 6) a r e  strongly indicative of a substantially improved capability in packaging 
technology. The Apollo command module is a case in point. This module, without 
the heat shield, is l e s s  than 10 percent propellant and other expendables by weight, 
11 
but is twice as dense as the total Apollo spacecraft (fig. 3), which is 60 percent pro- 
pellant by weight. This variation results f rom the unusually efficient packaging 
achieved in the Apollo command module. 
Shape factor. - An important spacecraft design parameter  that relates directly to  
the body shape seems to be evolving. The shape factor f s  is defined as VT2’3/AT, 
where VT is the total design-envelope volume and AT is the total surface area of 
VT. 
value of f decreases  in relation to the departure of a body from a spherical shape. 
As a point of reference, most manned-spacecraft bodies have shape-factor values be- 
tween 0. 15 and 0. 18, and most aircraft  bodies have shape-factor values less than 0. 15. 
This factor has a value of 0.206 for a sphere, a theoretically perfect shape. The 
S 
By observing that the spacecraft bodies which have high densities in relation to 
This procedure al- 
curves A,  B, and C (fig. 4) also have large shape factors  and conversely, a shape- 
factor scale related to  the curves of figure 6 can be formulated. 
lows, with judgment, an interpolation for estimates between curves A and C of figure 6. 
This judgment is influenced by such considerations as weight growth and weight margins. 
Weight growth. - Weight growth is one of the most undesirable factors in space- 
craft design, but weight growth must be considered inevitable throughout the estimating 
procedure, regardless of the s ize  of the spacecraft. The amount of weight growth that 
can occur depends on the difference between the estimated density level and the maxi- 
mum density level for any given design-envelope volume. Weight-growth experience 
with the Mercury, Gemini, and Apollo spacecraft indicates that a maximum density is 
definitely approached. The problem of defining the maximum density of a spacecraft, 
especially an advanced spacecraft, is extremely difficult. Improved packaging tech- 
nology tends to outdate any attempts to define a maximum-density trend. However, 
this factor can be kept in mind when estimating spacecraft densities, and it can be re- 
lated to the latest packaging technology that is available. The advance in packaging 
technology that occurred from Project Mercury to the Gemini Program and to the 
Apollo Program is an inherent part  of the estimating technique and is one of the princi- 
pal factors involved in the definition of the width of the estimating band. 
I 
I I 
Weight margins. - After consideration of size,  weight, crew, propellant, shape 
factor,  and weight growth in relation to  the weight estimate, the fundamental question 
of weight margin in relation to the weight estimate remains. Weight margins refer  to 
the program-objective aspects of spacecraft evolution,. as distinct from the various 
design margins, which represent uncertainties such as those relating to s t resses ,  
loads, and capacities. The weight margin of a spacecraft is represented by the dif- 
ference between the spacecraft current-weight estimate and the ultimate performance- 
weight capability of the launch vehicle. Unfortunately, most design-weight margins 
are so small that they are used up before the greatest  impact on the program by the 
weight - growt h trend. 
Because the performance-weight (payload to orbit) capability varies,  depending 
on the launch vehicle and the mission, the question of margins has virtually unlimited 
answers. The recommended answer is to choose a nominal base-line performance- 
weight mission for a launch vehicle and begin a sizing, weighting, and weight-margin 
12 
analysis of the spacecraft from this point of departure. A s  suggested by figures 5 and 
7, a 25- to 50-percent weight margin should be used for advanced designs. 
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Figure 7. - Weight-forecasting technique. 
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The Forecast 
Weight growth. - In advanced design, the weight philosophy ranges between "the 
estimates a r e  good - disregard weight growth" to "the estimates a r e  always low - 
allow for weight growth. ' I  The latter philosophy, based on all available data, is empha- 
sized. 
direction and magnitude of the most likely deviation to apply to  the estimate. To keep 
the forecast in the proper perspective with the estimate, the forecast is considered in 
t e rms  of the significant parameters  used for the estimate. 
Therefore, i t  becomes necessary to develop the forecast to establish the 
1 
I Size, weight, and weight-growth potential. - A s  has been pointed out, the size ~ 
and weight of manned spacecraft have a significant relationship that can indicate nomi- 
nal compatibility. When the relationship between size and weight is not compatible, 
either undersizing or oversizing for  a given weight can result. 
and weight relationship, weight-growth potential is an important consideration in mak- 
ing a forecast f o r  the estimate. Weight-growth potential must be considered both from 
the standpoint of the spacecraft independent of the launch vehicle and from the stand- 
point of the total space vehicle. 
In addition to the size 
13  
If a curve A estimate is made f rom figure 6, then, in theory, a potential exists 
for  the weight to grow (on the average) as shown by the dashed line in figure 7. How- 
ever, actual weight-growth curves based on an integrated, reported average assume 
the S-curve characteristic shown by the solid line in figure 7. The S-curve character- 
ist ic is prominent for spacecraft design that must depend on the generally unknown per-  
formance of another important portion of the total space vehicle, namely, the launch 
vehicle and its payload capability. If, during the development of a space program, the 
launch-vehicle payload capability decreases  while the spacecraft weight increases 
(fig. 8), the natural tendency to maintain positive margins for a given mission forces 
the two curves toward a more horizontal path. As all of the reported data become more 
reliable, both curves tend to increase a t  diminishing rates.  
history seems to be typical of manned-spacecraft programs and more nearly reflects 
the actual conditions for each vehicle than a smooth parabolic curve does. 
This type of integrated 
1 0 Definition, acquisition Opera t i on 
(T> I Definition, acauisition I ODeration 
Original specification f 
Legend : -- Launch-vehicle payload capability - Spacecraft weight 
y// Positive weight margin e' Negative weight margin 
Q Launch . .  0 Spacecraft 
~ 
I vehicle I 
~~ 
Proqram maturity 4 
Figure 8. - Typical history of spacecraft weight and 
launch-vehicle performance. 
Shape factor. - As mentioned previously in the discussion of the estimate, the 
shape factor of a spacecraft body is an important consideration. The shape factor is 
equally important in relation to the forecast. If a curve A estimate is made from 
figure 6 and if  the shape factor is high (on the order  of 0. 18), then a theoretical poten- 
tial exists for the spacecraft weight to grow along curve I of figure 7 .  
the curve A estimate, the shape factor, and the growth curve a r e  typical of the Apollo 
For example, 
14 
command module. If a curve A estimate is made from figure 6 and i f  the shape factor 
is more nearly an average (approximately 0. 17), then, in theory, the weight grows 
along curve I1 of figure 7.  Also, if a curve A estimate is made from figure 6 and if 
the shape factor is low (approximately 0. 15 or less),  a more constrained weight growth, 
such as curve I11 of figure 7, theoretically should result. Curve I11 of figure 7 is also 
recommended as the minimum weight-growth forecast for any manned-spacecraft pro- 
gram. In other words, forecast curves I, 11, and 111 of figure 7 a r e  based on curve A 
estimates of figure 6 and on the shape-factor values shown in figures 6 and 7. However, 
the possibility exists that a design configuration of a manned spacecraft or space sta- 
tion could have a low shape factor (approximately 0. 10). In this case, instead of using 
a curve A estimate (minimum) from figure 6 and a curve I11 forecast (minimum) from 
figure 7, it would be advisable to reexamine the design configuration to determine a 
more  compatible weight, size, and shape. 
Weight margins. - The weight forecast should be approached in the same sense 
as margins applied in the estimate and should be related to the program-objective 
aspects. The idea here is to "think program" while making the forecast. All of this 
is not to say that some additional margin should not be introduced at this point. In 
fact, if  the design is to have novel features o r  large advances in the design state of 
the art, an additional weight margin is recommended. This allowance is especially 
appropriate when some of the established program weight-estimating procedures within 
and between agencies and f i rms  have not been sufficiently stabilized by use on several  
vehicles and several  programs. 
P ROC E DU RE 
The procedure for weight prediction can be presented best by the use of examples. 
The following examples demonstrate the flexibility of both the estimate and the forecast. 
Example 1 Estimate 
Problem. - Estimate the design-limit gross weight, gross-weight potential, body- 
s t ructure  weight, reentry thermal-protection weight, nonstructure -subsystem weight, 
and payload weight for  a manned, low-earth-orbit reentry spacecraft having a volume 
of 28 .32  m (1000 ft ) and a surface a rea  of 51.10 m (550 f t  ). 
3 3 2 2 
Solution.- From the working curves in figure 9 ,  the design-limit gross  weight 
(less reentry thermal-protection weight) is 5897 kilograms (13 000 pounds) (curve B). 
The body-structure weight (from curve B') is 1429 kilograms (3150 pounds). 
reentry thermal-protection weight (from curve D') is 839 kilograms (1850 pounds). 
The design-limit weight for equipment subsystems and payload, therefore, is 5897 - 
(1429 + 839) or  3629 kilograms (13 000 - (3150 + 1850) or  8000 pounds). 
The 
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The f s  is 10002/3/550 = 0.182, which indicates potential packaging above 
curve B. (Curve B of figure 9 represents an f 
S 
0.206.) Assume curve C indicates maximum packaging or that the gross-weight poten- 
tial is 7371 kilograms (16 250 pounds). 
of 0.17; a sphere has an fs of 
Comments. - Because the shape factor is high (approximately the same as that 
for the Apollo command module), the gross-weight potential should be considered 
seriously in early design. Micrometeoroid protection is not considered in this example 
As a general rule, short  -term, earth-orbital missions in combination with reentry 
thermal -protection and body structure preclude consideration of micrometeoroid 
protection. The design -limit weight for the nonstructure subsystems and payload 
estimated by figure 9 should be integrated with weight data obtained from additional 
weight -estimating techniques that rely on mission -oriented parameters.  
Example 1 Forecast 
Problem. - Apply the design-limit gross  weight (less reentry thermal-protection 
weight-7 kilograms (13 000 pounds) to a complete program span. The Wp/WG 
is 0.2, and f is 0.182. 
S 
Solution. - The design-limit weight of 5897 kilograms (13 000 pounds) could be 
used to determine weight-dependent performance and cost. 
by curve B of figure 9. Because spacecraft weight histories range at least between 
curves A and B of figure 9, curve A appears to be a logical target weight for prelimi- 
nary contract negotiations. Although this target weight has never been achieved, it 
should provide an incentive to the contractor to produce a lightweight product. There- 
fore, figure 10 represents weight growth from the concept-phase weight values to the 
final hardware weight values at  the end of the program. Curve A of figure 9 indi- 
cates a spacecraft weight of approximately 25 percent l e s s  than 5897 kilograms 
(13 000 pounds), o r  4423 kilograms (9750 pounds). 
to follow curve I of figure 10 at  a Wp/WG of 0.2 and an f 
end WG could be approximately 60 percent greater than 4423 kilograms (9750 pounds), 
or 7076 kilograms (15 600 pounds). This value closely corresponds to curve C of fig- 
ure  9, which indicates near-maximum density, based on past manned spacecraft. 
This weight is represented 
Therefore, this value would tend 
of 0. 182. The program- 
S 
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Figure 10. - Weight-growth-forecast curves for first-generation vehicles. 
Comments. - The weight values in this example are exclusive of reentry thermal- 
protection weight, which historically has not experienced significant weight growth. 
However, secondary impacts of reentry thermal-protection design changes may seri - 
ously affect the basic body -structure weight and weight growth. 
to be most serious when the reentry thermal protection and the basic body structure 
become integral in function and design..) If the fs  of this example were 0.125 instead 
of 0.182, based on past  information, some doubt would exist about the gross-weight 
and volume compatibility. Unless the packaging technology improves appreciably and 
unless the current trend in crew-volume allowances decreases  appreciably, an fs of 
0.125 (curve A, fig. 9) indicates no growth potential beyond the target weight of 
4423 kilograms (9750 pounds). 
spacecraft would be in order. 
(This effect appears 
Therefore, a resizing o r  reshaping (or both) of the 
Example 2 Estimate 
Problem. - Estimate the design-limit envelope volume for a manned space station 
to be used on an undefined launch vehicle having an estimated base-line payload capa- 
bility of 45 359 kilograms (100 000 pounds). 
Solution, - From the working curves in figure 9, the design-limit envelope volume 
is determined to be 425 m 3 (15 000 ft 3 ) for  a 45 359-kilogram (100 000 pounds) gross- 
weight spacecraft (curve B). Various body shape factors can be obtained for various 
18 
diameters and lengths. In general, shape factors decrease with increasing space- 
station s ize  because of launch-vehicle restrictions on space-station diameters. 
Curve C indicates a gross-weight potential of 56 699 kilograms (125 000 pounds). 
From curve B' of f igure 9, the design-limit weight for the body structure is 12 927 kil- 
ograms (28 500 pounds). The design-limit weight for nonstructure subsystems and pay- 
load is 45 359 - 12 927, o r  32 432, kilograms (100 000 - 28 500, or 71 500, pounds). 
Comments. - Depending on the surface area, the body-structure weight can be 
3 estimated for various diameters.  
(15 000 ft ) cylinder, the surface area is approximately 325. 16 m (3500 f t  ), and f 
is 0. 175. 
assumption that the weight of this space station could become as much as 56 699 kilo- 
grams (125 000 pounds). Appropriate adjustments to estimated body-structure weight 
can be made on the basis of surface a rea  and gross weight, as discussed in the section 
entitled "Example 3 Estimate. I '  Micrometeoroid and radiation protection could be a 
factor in these estimates, but is not included in this method. 
For a 6.71-meter (22 feet) diameter, 424. 75-m 
3 2 2 
S 
The fs in this case coincides with curve C of figure 9 and validates the 
Example 2 Forecast 
Problem. - Apply the design-limit gross  weight of 45 359 kilograms 
(100 000 pounds) to a complete program span. The Wp/WG is 0.4, and fs  is 0. 175. 
Solution. - The target weight becomes 34 019 kilograms (75 000 pounds) ac- 
cording to curve A of figure 9. The maximum density becomes 56 699 kilograms 
(125 000 pounds) according to  curve C of figure 7. From a target weight of 34 019 kilo- 
grams (75 000 pounds), the spacecraft-weight growth would tend to follow curve I of 
figure 10. With an fs  of 0.175, packaging constraints could occur before the program 
end, and the spacecraft-weight growth would be inclined toward curve I1 of figure 10. 
Because the Wp/WG is 0.4 in this example, Wp/WG may be overemphasized in the 
design-packaging density. For manned spacecraft with a Wp/WG up to 0. 5 (e. g . ,  
the Apollo lunar module ascent stage), it is evident thus far that f s  is an important 
weight-growth indicator, based on the original estimate and the apparent maximum 
density. 
Comments. - The uncertainties of the estimates (in this technique, at  least  
225 percent on gross  weight and *35 percent on body-structure weight) suggest that 
an average design condition may be assumed i f  curve B and B' values a r e  used from 
figure 9. For example, both the single-module and the multiple-module design con- 
cepts a r e  implied by the backup research data. Specific interpolations for this basic 
design difference cannot be made realistically in view of the weight growths that have 
occurred and that range across  the entire bands of unit estimates for various given 
volumes. However, this is not to say that more specific interpolation of estimates 
should not or  could not be done. Studies a r e  currently underway more specifically 
to assign early estimates to a programmatically related "minimum allbwance" as 
prescribed by basic design criteria for concept configurations. 
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Example 3 Estimate 
3.91-m Space-station 
(154 in . )  diameter dimensions, 
1-j m ( i n . 1  Auxiliary modules 
Problem. - For the small-space-station configuration shown in figure 11, deter-  
mine the body-structure weight trade-off data for  the given concept, based on condi- 
tions A and B shown in the figure. Select a pressurized volume, based on the 
pressurized diameter. 
Mission 
requirements 
3 3  Envelop_e volume, m (ft 
Envelope area, m2 ( f t2)  
A 
124.59 (4 400) 
142.14 (1 530) 
454 (1 000) 
---- 
1 8  144 (40 000) 
17  690 (39 000) 
4 536 (10 000) 
B 
124.59 (4 400) 
142.14 (1 530) ---- 
6 124 (13 500) 
18 144 (40 000) 
1 2  020 (26 500: 
4 536 (10 000: 
I k6.60-m (260 in . )  diameter- 
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Figure 11. - Body-structure weight and sizing analysis for a conceptual design Of a 
small  space station. 
20 
The pressurized diameter Dp is variable, and the height H is fixed at 2. 54 me- 
ters (100 inches). Also fixed is the unpressurized gross  weight WG, u, 4 5 36 kilograms 
(10 000 pounds), which is assumed to be the weight of the unpressurized auxiliary mod- 
ules. The resulting body-structure weights, pressurized, unpressurized, and total 
body, a r e  plotted against pressurized diameter (fig. 11). 
3 3 Solution. - The total space-station volume of 124.59 m (4400 ft ) corresponds 
to a 18 144-kilogram (40 000 pounds) design-limit W G  (fig. 9). This nominal weight 
is also the launch-vehicle payload capability. Also from figure 9, the first approxima- 
tion for  the body-structure weight is 4695 kilograms (10 350 pounds). 
Assume various diameters for the pressurized volume to  determine a reas ,  vol- 
umes, and weights; plot the data. For a 3.05-meter (10 feet) D,, the surface a rea  is 
3 39.02 m2 (420 ft2), and the volume is 18.41 m3 (650 f t5 .  FromLfigure 9, 18.41 m 
of 4309 kilograms 3 (650 f t  ) corresponds to a design-limit gross  weight W 
(9500 pounds). From figure 12, 39.02 m (420 ft ) and 4309 kilograms (9500 pounds) 
correspond to a body-structure weight of approximately 998 kilograms (2200 pounds). 
Approximately 998 kilograms (2200 pounds) is also obtained from figure 9 for 18.41 m 
(650 f t  );  however, figure 12 is recommended as a cross-check and as a source of 
additional parameter accountability. The same procedure is followed for a Dp of 
1.83 meters  (6 feet) and a Dp of 4. 27 meters  (14 feet), and t h e  resulting data are 
plotted in figure 11. 
G, p 2 2 
3 
3 
including the two ends, is constant at  
142.14 m (1530 f t  ). However, the design-limit g ross  weight of the unpressurized 
Curve B of figure 12 volume varies,  depending on pressurized gross weight W 
is used as a base-line shell weight; 2359 kilograms at  142. 14 m (5200 pounds at 
1530 f t  ) and 5 percent of nonstructure weight a re  added for  structural  mounts and 
supports. (For  the manned volume, the comparable factor is approximately 10 per- 
cent, which is included in figure 12 estimates.) A plot is made in figure 11 of the 
unpressurized body-structure weights corresponding to design-limit gross  weights of 
9072, 13 608, and 18 144 kilograms (20 000, 30 000, and 40 000 pounds). A maximum 
cylinder gross  weight can be extrapolated to approximately 9072 kilograms 
(20 000 pounds). 
T, U' The unpressurized surface a rea  A 2 2 
G, P' 
2 
2 
Based on fulfilling the mission requirements of conditions A and B, select the 
pressurized diameter. The total body-structure weight is plotted by adding the values 
for pressurized and unpressurized body-structure weight in figure 11. It is noted that 
the values are parallel for 9072, 13 608, and 18 144 kilograms (20 000, 30 000, and 
40 000 pounds), except where the base-line shell penalizes the unpressurized and total 
body-structure weight between 9072 and 13 608 kilograms (20 000 and 30 000 pounds). 
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If conditions A and B a r e  applied to a D of 3.05 meters  (10 feet), the resulting 
total body-structure weight varies between 3629 and 3901 kilograms (8000 and 
8600 pounds), depending on the design-limit weight that is chosen, 12 020 o r  17 690 kil- 
ograms (26 500 or  39 000 pounds). 
estimate of 1 2  020 kilograms (26 500 pounds) to accommodate conditions A and B. 
When 4536 kilograms (10 000 pounds) for W 
This result indicates a D of 4.27 meters  (16 500 pounds) remains for WG, p. 
(14 feet) closely corresponding to a W 
maximum cylinder D indicates a W 
leaves only 2948 kilograms (6500 pounds) for  the W 
12 020 kilograms (26 500 pounds). This result indicates an oversized D Therefore, 
in view of the 17 690-kilogram (39 000 pounds) design condition and weight growth, 
4.27 meters  (14 feet) is selected as the minimum Dp. The total body-structure 
weight is 4468 kilograms (9850 pounds) at a design-limit weight of 17 690 kilograms 
(39 000 pounds). 
P 
The size of the pressurized module is based on the 
is deducted, 7484 kilograms 
P 
G, u 
of 7484 kilograms (16 500 pounds). The 
of 9072 kilograms (20 000 pounds) and 
on the basis of a limit of 
G,  p 
G, p P 
G! U 
P' 
Comments. - In this example, the approach to body-structure weight estimating 
involves volume and a rea  as the primary parameters (figs. 9 and 12). This approach 
provides a cross-check that is desirable, especially when the values obtained by the 
two parameters  a r e  equal o r  very nearly equal. It is anticipated that, as f becomes 
smaller for any given space-station volume, area becomes an increasingly more im- 
portant estimating parameter than volume. To date, sufficient analysis has not been 
made to determine where this crossover point may be in t e rms  of estimating accuracy. 
It is thought that considerable insight into the volume and a rea  relationship should be 
provided by aircraft  data which reflect f values as low as 0.04. If the volume and 
a rea  relationship or  f is considered in relation to figure 2, for example, the lowest 
body-structure weight densities are represented by unmanned aerospace vehicles hav- 
ing f values of approximately 0. 18 to 0. 12. The next highest body-structure weight 
densities are represented by manned-spacecraft, fighter-attack, and transport and 
bomber bodies also having f values ranging between 0. 18 and 0. 12. The highest 
S 
S 
S 
S 
S 
total-structure weight densities are represented by manned fighter-attack aircraft  
and by transports and bombers having f s  values ranging from approximately 0.04 
to 0.08. 
Example 3 Forecast 
Problem. - Examine weight growth in relation to the selected minimum Dp. 
Solution. - A cylinder 4. 27 meters  (14 feet) in diameter by 2. 54 meters  
(100 inches) high has an f s  of 12902'3/675 = 0.177. From figure 9, this fs  indicates 
23 
gross-weight potential above curve B and possible weight growth above the chosen nom- 
inal design-limit gross weight. A gross  weight of approximately 10 433 kilograms 
(23 000 pounds) a t  an f s  of 0. 177 and a volume of 36.53 m (1290 f t  ) is indicated by 
figure 9. If the maximum cylinder diameter is chosen so as to account for gross- 
weight potential, it should be remembered that the corresponding f would be 0. 171, 
indicating a possible packaging constraint near  10 433 kilograms (23 000 pounds). Also, 
the 4536-kilogram (10 000 pounds) unpressurized-weight allowance becomes corre-  
spondingly less. 
(5200 pounds), which is based on the minimum base-line shell of the unpressurized sur -  
face area. 
3 3 
S 
The minimum allowance in this exercise is 2359 kilograms 
Comments. - It is interesting to note that gross-weight potential or weight growth 
from nominal values may be approached from two basic and opposing views in con- 
ceptual design. The more common view is to assume that the gross-weight potential 
can be reserved for  useful payload (experiments, etc.) and to  reflect this view in con- 
ceptual weight projections. The other extreme view (and least  likely approach) is to  
assume that the useful payload weight allowance wi l l  not increase or  may even decrease. 
Based on experience, it appears that, a t  best, the useful payload weight may be as- 
sumed to increase at a rate  proportional to  payload weight as a percent of gross  weight. 
In relation to gross  weight, the total-envelope shape factor is 44002’3/1530 = 
0.177. This factor a lso indicates potential g ross  weights above the chosen nominal 
values up to approximately 24 948 kilograms (55 000 pounds). The nominal value of 
17 690 kilograms (39 000 pounds), therefore, is subject to an increase of greater  than 
25 percent. However, if the curve A values of figure 9 were used in the analysis, the 
comparable forecast would be for a growth of approximately 80 percent. 
DEVELOPMENT OF DATA 
Weight Estimating 
Generalized density relationships. - The data points and values used in the de- 
velopment of the original data are found in the appendix and are plotted in figure 13. 
The data points in figures 13, 14, and 15 are referenced to the figures in the appendix. 
A full logarithmic grid is used in figures 13, 14, and 15 so that a large selection of 
data can be used. 
design-envelope size (volume) is observed for  gross  weight and body-structure weight, 
both exclusive of induced environment protection (refs. 1 and 2). 
The basic trend of decreasing average density with increasing 
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Minimum gross-weight density, manned modules. - The smallest  manned body is 
represented by the Mercury spacecraft, which has approximately 50 percent of the 
volume pressurized; while the largest  manned body is the C-5A aircraft ,  which has 
approximately 80 percent of the volume pressurized. Curve A (fig. 13) goes through 
conceptual design densities of both vehicles. The remainder of the manned-spacecraft 
data falls at various positions, but all data fall on o r  above curve A. Therefore, on 
the strength of the data shown, curve A represents a minimum practical gross-weight 
estimate for manned spacecraft in view of various estimating techniques and the cor- 
responding allowances for volume and packaging. 
Gross-weight density and propellant-to-gross-weight ratio. - Curve C of fig- 
ure  13 is obtained by averaging the gross-weight densities and volumes of the densely 
packaged manned modules of Mercury, Gemini, and Apollo spacecraft and the B-58 
aircraft  cabin and by applying the same slope as curve A of figure 13. Therefore, an 
estimating band is obtained between curves A and C, and estimates at curve C a r e  
approximately 60 percent greater  than estimates at curve A for any given volume. 
Existing vehicle data agree well with curve C (the maximum curve) for  small  values 
3 3 of VT around 2.83 to 28.32 m (100 to 1000 ft ), and no data suggest that maximum 
weight growth is less  than 60 percent for  large values of VT up to  2831.68 m 
(100 000 ft  ). 
studies fall in this band. 
mates for advanced manned spacecraft and space stations. 
3 
3 In figure 13, five data points from manned-spacecraft and space-station 
Therefore, this band should be reasonable for weight esti- 
It seems logical that as  W /WG is increased for any VT, the gross-weight 
P 
density should increase. 
that W,/W, can range up to approximately 0. 5. 
essentially a l l  of the data points above curve C which have a Wp/WG greater  than 
0.5.  The exceptions are some aircraft  densities above curve C that have a Wp/WG 
less than 0. 5 ;  however, these densities reflect significant weight penalties for wings, 
tails, and landing gear,  which a r e  not normally included for  advanced manned 
spacecraft . 
The data points between curves A and C in figure 13 indicate 
This statement is supported by 
Curve B of figure 13 is the average between curves A and C. The Apollo lunar 
module ascent stage has a Wp/WG of approximately 0. 5 and a gross-weight density 
that coincides with curve B. As discussed previously in the section entitled "Tech- 
niques, " constant W /WG lines can be drawn for preliminary estimates of gross  
density. However, this can be done only i f  propellant bulk-density variations and 
propellant-volume-to-total-vehicle-volume ratios are  sufficiently normalized. 
technique of estimating gross  densities needs more development, based on a more  
complete volume analysis. 
P 
This 
Gross-weight density and shape factor. - A final basic indicator of packaging 
density is expressed in fs, a nondimensional factor. Of all the manned spacecraft 
data shown, the Apollo command module has the highest f s  (0. 181). 
value is 0.125 for the C-5A a i rc raf t  body. 
highest and the lowest gross-weight densities, respectively. 
The lowest f s  
These two vehicles (bodies) also have the 
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The f scale shown in figure 13 is linked to weight growth. Vehicle-weight 
S 
estimates tend to grow at rapid ra tes  if the f 
statement is especially t rue if the original weight estimate is made below o r  on 
curve A of figure 13. Therefore, the gross-weight estimate should be made (in view 
of fs) between curves A and C, with recognition of the gross-weight potential o r  con- 
straint that the shape indicates. The preliminary range of f between curve A and 
the ultimate density expected for the Apollo command module (above curve C) is 0. 125 
to 0. 181. 
is high (greater than 0. 17). This 
S 
S 
For cylindrical shapes, the maximum f occurs when the height is equal to the 
diameter (the nearest approximation to a sphere). Therefore, for given-diameter 
space stations, for  example, reduced f will result in length-to-diameter ratios less  
than 1 as well as greater  than 1. A few f values are as follows: 
S 
S 
S 
Mercury spacecraft 0.167 
Gemini spacecraft 0. 163 
Apollo command module 0. 181 
Lunar module ascent stage 0. 151 
Subsystems test bed (STB) 0. 174 
Apollo spacecraft and Saturn IVB 0.141 
A theory is advanced that the maximum density of manned spacecraft increases 
with increasing f for a given internal dry-weight loading. Although an appreciable 
difference in internal loadings exists among the Mercury spacecraft, the Gemini space- 
craft, the Apollo command module, and the Apollo lunar module ascent stage, for ex- 
ample, the theory in general is upheld. This theory is strengthened when appropriate 
normalizations for body- structure weight a r e  considered. 
S 
The assumption must be made, of course, that all manned spacecraft approach 
maximum density at  the end of a program. This assumption appears to be valid, at 
least for the manned modules, which in several instances encountered appreciable 
difficulties in packaging and stowing. Designing for  the maximum use of volume should 
be a prime criterion. Of equal importance a r e  the allowances during the definition 
phase fo r  size,  shape, weight, and weight growth. 
Body-structure weight based on volume. - Figure 13 also shows a trend of body 
structure,  namely, decreasing average density in relation to increasing body s ize  or  
volume. Curves A', B', and C' a r e  derived visually in a manner similar to curves A, 
B, and C. The basic trend is similar to the gross-weight trend, but the average den- 
sity decreases  with increasing size at a lesser  rate.  The principal factor involved is 
that the body-structure weight (the container weight) depends more on the area, whereas 
the nonstructure weight (the contained weight) depends more on the volume. However, 
to make several  comparisons to gross weight and body-structure weight and to mini- 
mize the number of basic estimating parameters for  f i rs t  approximations, the body- 
structure weight is shown here in te rms  of volume. 
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In general, body-structure densities between curves A' (minimum density, 
manned vehicles) and B' (average density, manned vehicles) of figure 13 are compatible 
with gross-weight densities between curves A and B. The main exceptions are the 
anticipated ultimate Apollo command module gross-weight density, the Apollo lunar 
module ascent-stage structure (in which only 33 percent of the volume is pressurized),  
and vehicles with a Wp/WG greater  than 0.5. Because the Apollo command module 
body-structure weight correlates well with curve C '  of figure 13, the amount that the 
gross-weight density is expected to exceed curve C must be attributed to weights of 
the other subsystems. 
Body-structure weight based on area. - Another basic trend of body s t ructure  is 
average areal density in relation to  the design-envelope area.  This trend is an in- 
creasing unit weight in kilograms pe r  square meter  (pounds per  square foot) with in- 
creasing a rea  in square meters  (square feet), as shown in figures 12 and 14. The 
original data are shown in the appendix. 
It is conceivable that a body can have a volume that approaches zero, but a t  the 
same time have a very large surface area.  
therefore underestimate the body-structure weight as this condition is approached, 
while an estimate based on the area would be more accurate. Also, because the 
body-structure-weight data of figures 12, 13, and 14 vary in relation to  bookkeeping 
and reporting information on structural  mounts and supports for  equipment and so 
forth, the additional research and normalization involved in the area-based estimate 
provide the answer by a more accountable method than the volume-based estimate pro- 
vides. Therefore, it is advisable to cross-check an estimate of body-structure weight 
based on volume against an estimate based on area.  
An estimate based on the volume would 
It might be theorized that f s  could be a reasonable parameter  for  estimating 
body-structure weight. 
been minimized for  any given volume. 
s t ructure  weight would also be minimized. 
with manned spacecraft, this assumption is not t rue;  therefore, f 
to estimation of body-structure weight, whether based on volume or  area. 
For large values of fs ,  it must be assumed that the area has 
This minimization would indicate that the body- 
However, it appears that in most cases  
has not been linked 
S 
Induced environment-protection-system (thermal-protection system) weight. - 
Figure 15 presents a simplified approach for estimating the weight of the thermal- 
protection systems of reentry vehicles. 
Data points 1 and 3 represent earth-orbit reentry, while data point 6 represents 
lunar-return reentry at a velocity of 10 972. 8 m/sec (36 000 ft/sec). It is interesting 
to note that, in spite of appreciable differences in ablation-material density, heat- 
dissipation factor,  area loading, body size,  and body shape, a straight-line (on full- 
logarithmic grid) trend is obtained for data points 1 and 3 and for thoroughly 
analyzed study data. Data point 6 is extrapolated at the same slope for preliminary 
estimation purposes. 
The original data are found in the appendix. 
Manned spacecraft. - Not specifically shown in figure 13 are estimates for the 
weights of the total induced environment protection and the various nonstructure equip- 
ment subsystems and payload. However, the various nonstructure equipment sub- 
systems and payload are implied in figure 13 within the gross-weight estimate. The 
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principal constraining factors,  regardless of the type and number of equipment sub- 
systems and payloads, a r e  the body s ize  and shape. Perhaps unique in approach, it 
appears that this estimation technique should be applied early in a program, because 
the type and number of equipment subsystems and payloads are normally late inputs 
and because manned spacecraft tend to grow to maximum density. 
The f scale is shown in figure 13 at the right of the gross-weight band of esti- 
S 
mates. These data-based fs  values tentatively parallel curves A, B, and C of fig- 
u re  13 and are general indicators of possible growth potential or packaging constraint 
(or both) for various configuration estimates. Trade-off analyses can be made visually 
between body-structure weight, gross  weight, volume, shape factor, and weight growth 
(figs. 9 and 10). 
Weight  Forecast ing 
The inexorable weight growth of spacecraft must be anticipated, regardless of 
the estimate that is made in conceptual design and the ensuing program phases. A 
model curve of weight growth is difficult to develop, because it is affected by many 
factors not directly associated with the engineering aspects of weight technology. From 
the working curves presented in figures 9 and 12 and the data curves in figures 13, 14, 
and 15, it may be argued that a higher estimate than minimum or average would pre-  
clude large weight growths. To a certain extent, this is true,  all other factors re- 
maining equal. However, all the other factors do not remain equal from vehicle to 
vehicle and from program to program. The first likely variation with regard to a 
higher estimate than minimum or average would be the undesirable advantage taken of 
this estimate In early design, resulting in an overweight product from the beginning. 
Caution should be taken i f  a manned spacecraft is estimated below either curve A or 
curve A' (figs. 9 and 13). Unless this design-weight estimate can be justified by other 
acceptable means, it is subject to high rates  of growth. Therefore, curves B and B' 
(figs. 9 and 13) are defined as being synonymous with the design-limit weight or with 
both the nominal and the maximum weight to be expected at  a particular spacecraft 
operational condition and should be used to determine analytically or experimentally 
all weight-dependent performance. Design-limit weights anticipate weight growth 
throughout the program, but will  never reflect the actual weight of any element until 
its operational status is reached. 
The weight growth represented between curves A and C of figures 9 and 13 is 
approximately 60 percent. Until more spacecraft a r e  built and the resulting data are 
factored into the presented estimating procedure, it is doubtful that this percentage 
can be substantially reduced. Some improvement may result  when the ratios of pro- 
pellant weight to gross  weight and of propellant volume a r e  applied to existing 
information. 
Propellant-to-gross-weight ratio. - One of the earliest  and perhaps relatively 
most predictable weight allowances for spacecraft is the propellant, which is a pr ime 
performance indicator. Based on essentially all the data examined, the most serious 
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weight growth occurred on the dry weight of the vehicles. Although the propellant 
weight did increase in many instances, the propellant-to-gross-weight ratio remained 
fairly constant throughout the programs. This observation reflects an attempt to 
maintain constant or  improved performance to offset the increased dry weight. 
Weight-growth pattern. - The area in which the program weight-growth pattern is 
most likely to be affected is shown in figure 16 (between curves I and 111). The Mercury 
spacecraft, the Apollo command module, and the Apollo lunar module ascent stage fall 
within this corridor of weight growth. The Apollo lunar module ascent stage represents 
the highest propellant-to-gross-weight ratio (0. 5) .  The Gemini weight growth falls 
below this corridor,  and, based on the relative (to Mercury) original estimates, Gemini 
apparently reflects the learning-factor effect and is considered a second-generation 
vehicle. 
3 based on pre-Apollo estimates 
I I Contract Design, Operation I Concept 
definition r acquisition bui ld, test r 
f S 
e.180 
-.170 
+.150 
e.120 
End 
I 
I 
Program maturity b 
Legend : Data points: 
0 Approximate growth, based on earliest available 1. Mercury spacecraft 
0 Estimated growth, based on f and theoretical 
documented weight report from contractor 2 .  Gemini spacecraft 
maximum density ( f ig .  13) 
3 .  Apollo command inodule 
4 .  Apollo lunar tnodule ascent stage (resizedl 
4'. Apollo lunar module ascent stage (proposal) 
Figure 16. - Weight-growth-forecast curves for first-generation vehicles. 
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Relationship of the Estimate to the Forecast 
The curve A estimates of figures 9 and 13 have been recommended as minimum 
weight-estimate values for advanced manned spacecraft and space stations. It is im- 
portant to point out how these estimates, if applied to manned spacecraft from Project 
Mercury, the Gemini Program, and the Apollo Program, relate to the recommended 
forecasts. 
If a manned spacecraft the size and shape of the Mercury spacecraft is estimated 
3 3 at curve A of figure 13, the WG/VT is approximately 288 kg/m (18 lb/ft ) a t  a VT 
3 3 of approximately 2.83 m (100 ft ). Therefore, WG is 816 kilograms (1800 pounds). 
The f of the Mercury spacecraft is 0. 167; based on figure 16, a 42-percent growth 
is forecast for the WG. The actual total weight growth (final flight) was  30 percent. 
S 
Similarly, if a manned spacecraft the size and shape of the Gemini spacecraft 
3 3 3 is estimated at curve A, the WG/VT is 184 kg/m (11.5 lb/ft ) at a VT of 17.56 m 
(620 ft ), and WG is 3234 kilograms (7130 pounds). The fs  of the Gemini spacecraft 3 
is 0. 163; from figure 16, a 40-percent growth would be forecast. The actual total 
weight growth was  18 percent. The growth forecast is considerably more than that 
actually experienced; however, it should be noted in figure 13 that the Gemini adapter 
module (key data point 4) is considerably below curve A density and had the theo- 
retical  potential to grow considerably more than it did. 
3 3 The Apollo command module VT of 13. 59 m (480 ft ) indicates a gross-weight 
3 3 density of 192 kg/m (12 lb/ft ) at curve A of figure 13. The resulting WG is 
2613 kilograms (5760 pounds), and the fs  of 0.181 suggests that the growth forecast 
should be 60 percent. The actual total weight growth of the Apollo command module 
was  approximately 50 percent. 
3 3 The manned Apollo lunar module ascent stage has a V, of 21.24 m (750 ft ), 
3 L 3  which indicates a WG/VT of approximately 173 kg/m (10.8 lb/ft ) from curve A in 
figure 13. The resulting WG is 3674 kilograms (8100 pounds), and from figure 16, 
an f of 0. 151 indicates that the weight growth should be 30 percent. Based on the 
current weight of the Apollo lunar module ascent stage, this is an accurate forecast. 
S 
All of the preceding estimates were based on curve A of figure 13 to illustrate 
better what has  happened on past manned spacecraft when s ize  and shape were used 
as the main parameters.  
weights of advanced manned spacecraft, so that weight growth is at  least anticipated. 
Values below this curve a r e  more subject to a generally higher program weight-growth 
pattern. 
However, curve B is recommended for estimating the 
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CONCLUSIONS 
All engineering technologies advance with time and knowledge. The advancement 
in weight technology is typified by advancements in structure that produce increasing 
strength-to-weight ratios and by other advancements from other disciplines that enable 
lightweight design. It might seem that the weight technology that deals with weight 
estimating and forecasting would also improve; however, this has not been the case. 
In the same sense that technology in general has advanced, weight estimating 
has improved considerably. Sophisticated computer-aided techniques provide the 
most up-to-date methods of weight estimating. However, several  fundamental obser- 
vations a r e  not now sufficiently considered and treated by these estimating techniques. 
1. Because of weight growth, all estimating techniques and methods used fo r  
manned spacecraft thus far have underestimated the weight. 
2. The time and design cr i ter ia  a r e  of extreme importance in advanced-design 
weight estimating. When it is determined quantitatively and qualitatively what design 
cr i ter ia  a r e  applicable, it is usually too late to be beneficial. 
3. All aerospace vehicles tend to grow to maximum density. Other advancing 
technologies provide lightweight, more efficiently packaged, space-qualified hardware 
that can perform more functions that ever before; therefore, more functions and weight 
can be packaged within a given volume than ever before. The result of improved pack- 
aging technology is an underestimation of total density and thus of weight. 
4. To advance weight technology realistically, the preceding observations must 
be studied methodically , historically , and uniformly from concept through operation. 
Recording and reporting techniques must be uniformly efficient to  phase new weight 
information into an evolving status of a vehicle or  program (or both). The status of 
the weight-engineering discipline must be raised to at least the status of the other 
typically competing disciplines of cost, performance, safety, structures,  and so  
forth. 
Thus, these four observations could contribute significantly to the overall advancement 
of weight technology. 
The following more specific conclusions can be drawn from the information pre-  
sented in this report. 
1. The average estimating curves presented should help to offset a significant 
portion of the apparent underestimation of growth potential based on past manned 
spacecraft. 
2. The theory that the shape factor is an index to maximum-density gross  weight 
(zero growth potential) is strengthened by all the manned-spacecraft hardware data 
examined. 
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3. The theory that the shape factor is an index to body-structure weight efficiency 
is not wholly upheld by the manned-spacecraft hardware data examined. 
4. It w a s  revealed during this study that a fairly logical general pattern is estab- 
lished between structural  weight density (body and total structure) and shape factor for 
all vehicles. The design-envelope volumes having the largest  shape-factor values also 
reflect the lowest structure weight densities and vice versa. Although this general in- 
verse  relationship is established for structure weight based on s t ructures  ranging from 
the efficiently shaped bodies of unmanned and manned aerospace vehicles to the poorly 
shaped total s t ructures  of aircraft ,  the growth of gross  weight appears to occur in di- 
rect  relation to the shape-factor value. 
5. Packaging technology for increasing size and variously shaped manned aero- 
space vehicles presents a potential problem area  for  weight estimates of future- 
generation vehicles. 
6. More data normalization, including bookkeeping and reporting standardization, 
should improve basic estimating techniques and narrow the choice of an estimate for 
concept and study weights. 
7. The cost and weight factors of manned spacecraft seem to increase at  ra tes  
proportional to vehicle complexity and weight growth. More precise weight estimates 
a r e  required to improve the cost and weight interdisciplinary relationships. 
Manned Spacecraft Center 
National Aeronautics and Space Administration 
Houston, Texas, January 27, 1971 
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APPEND I X 
KEY DATA POINTS 
The Spacecraft Summary Weight Statements (MSC Form 1522B) (figs. A-1 to  
A-6) show the key data that were used in the development of the various curves of 
this report. An attempt has been made to  code all data according to the functional 
code of appendix B of reference 1. 
After several  years of advanced-design weight engineering on manned spacecraft 
and space stations, it became apparent that a form such as the Spacecraft Summary 
Weight Statement would help resolve many basic problems associated with weight 
breakdowns. 
deviation from the coding system used in reference 1, even at the first-generation 
level of breakdown. 
The principal problem appeared to be nonconformity with and arbi t rary 
The Spacecrzft Summary Weight Statements show all of the 27 first-generation 
functional codes of reference 1 in line form. The eight columns can be identified by 
item, module, o r  spacecraft. Therefore, this form allows the summarized integra- 
tion of code, system, item o r  module, and spacecraft at a single visual inspection. 
It should be recognized that the values shown in the Spacecraft Summary Weight 
Statement are inherently subject to the limitations of data availability a t  various dates 
and to the decoding and recoding from other breakdowns of aircraft ,  spacecraft, and 
space stations. Also, the applicability of transferring aircraft  data from form 
AN-9103-D (ref. 3) to the Spacecraft Summary Weight Statement is somewhat question- 
able. However, i t  appeared to be simpler and more meaningful to make such a trans- 
formation, as  opposed to an opposite transformation. Moreover, relatively fewer 
ai rcraf t  data than spacecraft data are used. 
The data points shown in figures 13, 14, and 15 are keyed to the data presented 
in figures A- 1 to A-6. The numbers associated with the data points in figures 13, 14, 
and 15 refer to the information given in the particular column of figures A-1 to A-6 
where the corresponding circled number is located. The circled numbers in fig- 
ures  A-1 to A-6 are found in the line entitled "Key Data Points. '* 
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SPACECRAFT SUWARY WEIGHT STATEMENT 
B Reen t ry  Yodule 
c Adauter  I ‘ I  I 
Spacecraft 
M ~ a n n e d  Launch A+B+C 
- 
8.78m 
(a) International @stem of Units (SI Units). 
Figure A-1. - Spacecraft Summary Weight Statement for Mercury spacecraft. 
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2 4 . 0  
2 5 . 0  
26.0 
~~~ 
SPACECRAFT SUM4ARY WEIGHT STATEMENT 
Thrust Decay Propcllnnt 
F u l l  T h r u s t  PropelI . int  293 200 49 3 
n l r u % t  pro" m l  
I I I I I I I I 
(b) Customary U. S. Units. 
Figure A-1. - Concluded. 
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I SPACECRAFT SUM4ARY WEIGHT STATEMENT 
(a) International System of Units (SI Units). 
Figure A-2. - Spacecraft Summary Weight Statement for Gemini spacecraft. 
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(b) Customary U.S. Units. 
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Figure A-2.  - Concluded. 
1 SPACECRAFT SUMWARY WEIGHT STATEMENT 
I C O N F I G U R A T I O N  I D A T E  I 
(a) International System of Units (SI Units). 
Figure A-3. - Spacecraft Summary Weight Statement for Apollo spacecraft 106. 
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I 0 in. M Manned Launch A+B+C+D CQ) U Unmanned Launch 
(b) Customary U.S.  Units. 
Figure A-3. - Concluded. 
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SPACECRAFT SUWARY WEIGHT STATEMENT 
' C O N F I G U R A T I O N  Apollo 0 Y  D A T E  
Item or Module 
A Ascent stage - Od 
B Descent stage (1 I) 
c 
D E S I G N A T I O N S :  
Code. Svstem: R e f .  MII . -M-38310A or SP-6004 
- 
D 
E 
F 
Spacecraf t  
M Manned Launch A+B (fig.A-3( a)) ( 
I 1  llnmanned Launch 
N O T E S  a S K E T C H E S ,  
a G.F.E. is government-furnished equipment. 
1 
. _ ~  - I 
(a) International System of Units (SI Units). 
Figure A-4, - Spacecraft Summary Weight Statement for Apollo lunar module. 
l-#-./J$$ I  
I 
I--- I -- I 
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I- SPACECRAFT SUWARY WEIGHT STATEMENT I 
' \ C I  wa-i-: Apollo B Y  D A T E  
Lunar Module Mass Properties Section January 1969 
I T E M  OR MODULE I S P A C E C R A F T  CODE S Y S T E Y  
A I  6 1  C I  0 1  E l  F I  M I  U 
'G.F.E. is aovernment-furnished equipment. 
183 in. O'in. 
I 
(b) Customary U.S. Units. 
Figure A-4. - Concluded. 
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SPACECRAFT SUWARY WEIGHT STATEMENT 
C O N F I G U R A T I O N  B Y  D A T E  
Saturn V-A~ollo Mass Properties Section Auaust 1966 
G.F.E. is government-furnished equipment. 
M Manned L a u n c h  C+I)+E+F 
C l 'nmanned L a u n c h  
bSidewall only. 
82.f8rn I 3 9 . 1 4 m  2.84rnl 1 
-2.92 rn 63.98 m 
(a) International System of Units (SI Units). 
Figure A-5, - Spacecraft Summary Weight Statement for Apollo spacecraft 
and Saturn V booster. 
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SPACECRAFT SUWARY WEIGHT STATEMENT 
(b) Customary U. S. Units. 
Figure A-5. - Concluded. 
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Electronics group ( r e f .  3 ) .  
bInstruments and navigational equipment 
group and photographic group ( r e f .  3 ) .  
‘Miscellaneous unassigned. 
%laximum take-off weight. 
eUltimate f l i g h t - s t r e s s  gross weight 
(a) International System of Units (SI Units). 
Figure A-6. - Spacecraft Summary Weight Statement for various aircraft .  
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48 
Electr'onics group ( r e f .  3 ) .  
b I n s t  rument s and n a v i g a t i o n a l  equipment 
group and photographic  group ( r e f .  3 ) .  
CMiscellaneous unassigned.  
%laximum take-bff  weight ,  
e U l t i m a t e  f l i g h t - s t r e s s  g r o s s  weight 
TO to 'TO' v a r i e s  between 0.74 W 
M Yannrd Launch 
(b) Customary U.S.  Units. 
Figure A-6. - Concluded. 
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